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IC Test Structures for Multilayer Interconnect
Stress Determination

Stephen A. Smee, Michael Gaitan, Donald B. Novotny, Yogendra Joshi, and David L. Blackburn

Abstract—A new method for measuring strain in multilayer inte- Il. FIXED—AXED BEAM TEST STRUCTURES

grated circuit (IC) interconnects is presented. This method utilizes - .
process compatible MEMS-based test structures and is applied to 1 he use of a buckled beam for determining the compressive

the determination of longitudinal interconnect stress in a standard  Stress in a thin film has been investigated before [4]. The basic
dual-metal-layer CMOS process. Strain measurements are shown principle is illustrated in Fig. 1(a). A beam shaped section of
tobe consistent for an array of similar test structures. Stress values, the film is created using MEMS processing techniques and the
calculated from constitutive relations, are in good agreement with mechanically released section buckles due to the compressive
ublished results. ) L
P film stress. Strain is then calculated from measurements of the
Index Terms—CMOS, IC interconnect, mechanical stress, maximum beam deflectiol,,, and the beam length. It can

MEMS, micromachining, test structures. be shown [5] that the deflection profile for this beam is

Vin 2
|. INTRODUCTION ylx) = <1 — cos ﬂ) . (1)

S INTEGRATED CIRCUIT (IC) device sizes shrink, in- ) ) )
trinsic and thermo-mechanical stresses in interconnects! NS t&chnique is extended here to the measurement of av-

are an ever increasing reliability concern [1]-[3]. Increasing d&r29¢e strain in dielectric/interconnect composite films. Average

vice density leads to high-density multilayer interconnects wifjrain measurements, from a set of test structures with different
narrow, high aspect ratio (height/width), metal lines. The corr&ross sections, are combined with constitutive relations and a
sponding increase in thermo-mechanical stress resulting fréfice balance expression to determine the longitudinal stress in
these trends increases the probability of stress related faill[f€ intérconnect and dielectric.

through mechanisms such as electromigration, stress-migration! NS type of test structure is ideal for our purpose because

and delamination. As a result, methods to measure and moti§ dielectric/interconnect composite film is typically in com-
interconnect stress are needed to develop processes that re(eS10n and’ is very sensitive to axial strain. In addition, the
stress and enable the manufacture of reliable future generafiGi€ction profile is very insensitive to stress gradients across
IC's. the thickness of the film.

To date, research has almost exclusively focused on stress de-
termination and stress-related failure in simple single-layer met-
allization. This restriction to single-layer studies stems largely Test structures were designed and fabricated to measure
from a paucity of strain measurement technigues with sufficiemiie longitudinal strain in dielectric/interconnect composite
spatial resolution to resolve individual layers of a multilayefilms. Four beam cross sections, representative of single- and
system. double-layer interconnects, were investigated [see Fig. 1(b)].

In this letter, a set of CMOS compatible micromachined te$he four cross sections were repeated in an array of varying
structures are demonstrated for the measurement of straingiigth beams with nominal lengths, ranging between 50 and
multilayer interconnects. The basic test structure is a variag®0 um, in 25 um increments. An array was used to ensure
of the fixed-fixed beam structure investigated previously fatrain measurements are independent of test structure length.
strain measurement in homogeneous thin films [4]. The focTsicknesses for the Metal-1 and Metal-2 layers are 0.6 and
of this work is the application of these new test structures 105 ;:m, respectively. Linewidths are nominally 10n, with
the determination of longitudinal interconnect stress in a duahe exception of the Metal-1 layer of beam (iv), where it is 14
metal-layer CMOS process. #m. Though the linewidths here are considerably wider than

state-of-the-art, they are sufficient for our purpose, which is
proof of concept.

Manuscript received March 6, 1999; revised June 25, 1999. This work wasThe test structures described were fabricated in aun2-
supported by the NIST National Semiconductor Metrology Program. The r€MOS process available through a commercial foundry. Open-

view of this letter was arranged by Editor H.-H. Vuong. _ ings left in each Si@layer form the beam sidewalls and act as
S. A. Smee and Y. Joshi are with the Department of Mechanical Engi- h . " h . hini A
neering, University of Maryland, College Park, MD 20742 USA(e—maliI:etC openings” for the post-process micromachining step.

smee@piper.eeel.nist.gov). pulsed xenon difluoride etching process [6] was used to remove
M. Gaitan, D. B. Novotny, and D. L. Blackburn are with the National mStitUt‘?sotrOpically the silicon beneath each beam mechanically re-
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of Standards and Technology, Semiconductor Electronics Division, Gaithefs— ing it f h derlvi b Th .
burg, MD 20899 USA. leasing it from the underlying substrate. The compressive stress
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Fig. 2. Maximum deflection}/,., as a function of test structure length;
measurement uncertainty is #%n in length and +£0.2:m in deflection.

TABLE |
STRESS AND STRAIN VALUES CALCULATED
FROM TEST STRUCTURE DATA. UNCERTAINTY IN THE STRESS AND STRAIN
VALUES PRESENTED I1S+7 MPaAND 70 pm/m, RESPECTIVELY

Fig. 1. (a) Schematic representation of a micromachined fixed-fixed beam Beam @ (i) (iii) @)

test structure; (b) beam cross sections: (i) £iQi) SiO, and Al from 2542 2075 2295 _1816

the first metallization layer (SigMetal-1), (i) SiO» and Al from the (&) @)

second metallization layer (SMetal-2), and (iv) SiQ and Al from both O g0, (MPa) 218 218 2218 218

metallization layers (Sig/Metal-1/Metal-12); and (c) SEM micrograph 2

showing composite FFB test structures. O ) MPa) — 229 — 220
O 1y, (MPa) — — -20 -20

A SEM micrograph of the completed test structures is shown in
Fig. 1(c).

Layer thickness and cross section geometry were obtaingbere
from SEM measurements. Material properties [8] are taken toE]  composite bending;

be: Esio, = 72 GPa,vsio, = 0.16, E51 = 69 GPa, and/; = EA axial stiffness;
0.33, whereE andw are Young's modulus and Poisson’s ratio, E; elastic modulus;
respectively. I;  moment of inertia;
A;  area of thej material in the cross section.
IV. M ATHEMATICAL FORMULATION Furthermore, it is assumed that the materials behave elastically

when released; often a reasonable assumption given that SiO

A general expression for the unreleased film strédi, suit-
&%@lblts little plasticity and confined metal films exhibit yield

able for either homogeneous or composite beam cross secti
has been derived from the definition of uniaxial straia A¢// stréngths considerably higher than their bulk values [9].

and the deflection profile (1). Using beam theory and (1), this 1€ @verage stresgz), in the unreleased film can be deter-
relation can be expressed as mined from the constitutive relation

a\2[V2 4FEI o= E. (e E. .. :i - E. A 3
<€> J— (Z) |: 4 + m:| < > abe( >a ave Atot Z 144 ( )
EI = Z E;I;, FA= Z E;A; (2) WhereE,,. and A, are the average modulus and total cross

sectional area, respectively. The stress in the individual mate-



14 IEEE ELECTRON DEVICE LETTERS, VOL. 21, NO. 1, JANUARY 2000

rials of the unreleased composite sections shown in Fig. 1(b)6) The very low compressive stress in Metal-2 is puzzling.

can be calculated from the force balance equation The low magnitude may be due to the very thin, Qr8;
" overlying passivation. The compressive nature of the
Z 0;A; = (0) Aror (4) stress is difficult to explain devoid, of processing infor-
= mation.

wheres; is the stress in thgth material. The stress in the ho N general, the stress values determined from the test structures

mogeneous Sigbeam, beam (i) of Fig. 1(b), can be Calculategresenteq here are in good agreement with experimental studies
directly from (3). Substituting this value into (4) for beams (iijreported in the literature.

and (iii) yields the stress for Metal-1 and Metal-2, respectively.

Likewise, substituting Si@and Metal-2 stress values into the VI. CONCLUSION

force balance for beam (iv), the stress in the underlying Metal—lBaseOI on the experimental results, MEMS-based test struc-

interconnect can be calculated. "S|m|larly, the stress value Eﬂrres appear to be a viable solution to the multilayer-intercon-
Metal-1, calculated from beam (ii) data, can be used to cal

. ) “Yect stress determination problem. Aside from the ability to de-
late the stress in Metal-2 of beam (iv). . . . .
termine stress in multilayer interconnects, ease of measurement
and compatibility with standard IC processing make this an at-
tractive alternative to existing measurement techniques. Addi-
Measurements of deflection profile were taken from the teibnal test structures are currently being developed for the deter-
structures using an optical profilometer and are in good agregination of transverse stress, and it is envisioned that, in the near
ment with that predicted by (1). Compressive strains have bef@iture, mechanical test structures such as these will be incorpo-
calculated, using (2), for each of the four test structures depictetied into test chips along with their electrical counterparts.
in Fig. 1(b). In Fig. 2, maximum deflection§;,,, are plotted as
a function of beam length along with values predicted from (2)
for a constant strain value. From this data it is evident that, re-
gardless of beam length, strain measurements are consistent. I-he authors would like to thank J. Small of NIST for his as-
terconnect and dielectric stresses, determined from these stedtance with the layer thickness measurements.
values, are tabulated in Table I; the negative signs indicate com-
pression.
It is difficult to make a true quantitative comparison be-
tween these values and those reported in the literature due tB1 J; Curry. G. Fitzgibbon, ¥. Guan, R. Muollo, G. Nelson, and A. Thomas,
L . . . 22nd Annu. Proc. Reliability Physic4984, p. 6.
variability and limited knowledge of processing conditions. [2] p. R. Besser, T. N. Marieb, and J. C. Bravman, “Strain relaxation and
Moreover, the processing conditions here are unknown since in-situ observation of voiding in passivated aluminum alloy lines,” in
the foundry considers this information proprietary. Despite ... Mat Res. Soc. Sympol. 309, 1993, pp. 181-186.

. . . {3] P. S. Ho, I|.-S. Yeo, C. N. Liao, S. G. H. Anderson, and H. Kawasaki,
this, some comments can be made concerning the validity of * «Thermal stress and relaxation behavior of Al(Cu) submicron intercon-

V. RESULTS AND DISCUSSION
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